In thermobonded nonwovens, the design of the bond point geometry is of major importance to the desired mechanical behavior. Despite the geometry´s significance the selection is subject to a trial and error approach. This paper describes a numerical method for the prediction of the nonwovens tensile behavior depending on the bond point geometry and process parameters.
Introduction
Thermobonding is the locally limited connection of fibers within a nonwoven. Heat and pressure is used to generate a cohesive connection between thermoplastic fibers. Most commonly a Calender equipped with one engraved and one smooth roller is used. The bonded area is of major importance for the mechanical properties like the deformation behavior and the tensile strength of the material. The unbonded areas are important for the tactile and functional properties of the nonwoven. [1] The influence of the production parameters such as pressure, roller temperature and process speed on the properties of the material are widely investigated and optimized to meet the specific demands. The development of optimized bond point geometries is more difficult since it requires a number of cost intensive test rollers for a trial and error approach. It is desirable to reduce the number of required test rollers. This can be achieved by replacing some of the preliminary geometry test by less expensive simulations. This would allow a preselection of the most promising geometries and thus a significant reduction in testing. [2] 
Numerical Simulation
In order to build a simulation model for thermobonded nonwovens, a numerical approach has to be selected. This paper describes the use of the Finite Element Method (FEM) for the modeling of thermobonded nonwovens. The Finite Element Method is used for simulation tasks in a wide range of technical problems.
The basic idea of the Finite Element Method is building a complex model with simple elements. The complex structure is divided into a number of manageable segments. The system is described by the physical properties of each element. The elements are connected to their neighbors using nodes. This forms an approximative system of equations for the entire structure. In the next step the system of equations is solved involving unknown quantities at the nodes. After the solution ORIGINAL PAPER/PEER-REVIEWED the desired quantities (e.g., strains and stresses) at selected elements can be calculated. [3, 4] 
Finite Element Method
The direct application of the idea of Finite Elements to the task of modeling a thermobonded nonwoven would lead into difficulties. The smallest entity of the structure, the single fiber, has to be di-vided into a large number of elements. This is necessary in order to transfer the geometric properties into the model. The friction between single fibers in the un-bonded area has to be described depending on the properties of the fibers surface. This would result in a very large numerical system. This approach would lead to a number of problems. The large number of elements would lead to a very large system of equations resulting in very long solution times of the system. Besides this, a more fundamental problem has to be taken into account. The accuracy of the result in a numerical solution depends on the size of the numerical model. If a problem is mapped onto a model with a small number of elements some details of the real structure may be cut away. This Model Mapping Error gets smaller with a growing number of describing elements.
Limitations in the accuracy of the calcu-lation lead to a Rounding and Truncation Error that grows with the increase of the number of elements. Figure 3 displays the superposition of both error types. The size of a numerical model should be selected in a way that allows the resulting error to be in the area of the local minima of the combined error.
This can not be achieved with an approach that describes the single fiber with a large number of discrete elements. The fibers mechanical properties have to be described with less numerical effort without introducing a large error due to the mapping of the structure onto the model. [5] 
Modeling Approach
The used approach is based on the modeling of the single fiber as a spar. The representation of a fiber by a single element allows a significant reduction in computational effort. The behavior of a number of single fibers is combined and mapped onto elements representing fiber bundles. These bundles are used for the modeling of the nonwoven. The bonded area is represented using solid elements. [6] 
Fibers
The spar element assumes a straight bar, axially loaded at its ends with uniform properties from end to end. This type of element has two degrees of freedom at each node, the displacement in the X and Y-direction. The material properties of this element enable the representation of the nonlinear force deformation behavior under a tensile load. Nonlinear behavior due to the fiber geometry i.e. fiber crimp is covered as well. The crimp of the fiber leads to a significant change in the fibers length under the influence of minimal forces during axial loads. The large plastic deformation of the fiber is covered as well. The fibers maximal tensile force can also be embedded into the model. [7] These properties are not uniformly used for all fibers. A set of material and geometric properties can be individually assigned to each entity. The properties are stored in an array of force deformation data points. A high resolution of data ELEMENT MODEL OF A FIBER points has been chosen for the representation of the fiber crimp. The quasi linear band of the fibers elastic elongation is represented by two points controlling the slope. The transition from the elastic to the plastic elongation of the fibers material is represented using a larger number of control points. During a first validation of the modeling ap-proach, data from ten-sile testing was compared to the results of model calculations. Two sorts of polypropylene fibers were investigated. These tests proved the numerical stability and speed of the chosen approach. Figure 5 represents a set of control points of the selected fiber. Figure 6 shows the results of a tensile test for a single fiber in the numerical model. The clamped length was modeled to be 20 mm. In the calcu-lation model the clamp length can set to an arbitrary value. The control points contain specific force elongation data for elements of unit length.
Fiber Bundles
The elements representing single fibers can be combined to a numerical representation of fiber bundles. An arbitrary number of fibers are modeled in parallel representing a fiber bundle under tensile load. The controlling parameters are assigned individually for each fiber in the stack. The description of the bundles behavior is similar to the modeling of single fibers. The nonlinear material properties are mapped onto the spar elements using an array of control points. The results of the simulation were verified using experimental data from tensile tests. In these tests, bundles with a variation of fiber number and with fibers from two different sources were investigated. After reaching the maximum tensile force of the bundle a stepped reduction in tensile force is visible.
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This behavior can been found in experimental tensile tests of fiber bundles as well. The phenomenon is caused by the variation of the fibers specific maxi-mum tensile force. Each step indicates the failure of one fiber.
The modeling of indi-vidual maximum tensile forces enables the model to behave in a way representing real-life testing.
During each load step in the solution of the numerical model, the applying forces and deformations are com-pared to the maximally allowed values defined in the control parameters of each fiber.
If one of the applying loads exceeds the con-trol value, the element is deactivated. This modification of the structure makes it necessary to perform a recalculation of the models stiffness matrix. The simulated tensile test is aborted after the deactivation of the last remaining fiber element. The values controlling the fiber behavior in this model are taken from the experimental tests. The statistical distribution of the values is taken into account.
Nonwoven
The area of the nonwoven which lies outside the bond point is mapped onto the model using sets of fiber bundles. The elements connect the boundary of neighboring bond points within a base cell.
The weighting of a specific stack depends on the nonwovens mass per unit area and the distribution of the fiber orientation in the modeled material. The distribution of the orientation is determined by the technique used for the production of the nonwoven. This approach enables the adaptation of the numerical model to different types of nonwovens.
The two following figures show the variation in the distribution of the fiber orientation in two different nonwovens. The first specimen shows a strong domination of fibers in MD. The second set represents a quasi-uniform distribution of the fibers over all angles between MD and CD.
From this data a resulting orientation vector can be calculated.
The fiber distribution within the modeled is set to result in the same distribution vector. The distribution around this mean value is also taken into account.
Bonding Point
The bonding point is represented using solid elements. This type of element has two degrees of freedom at each node, the displacement into the X and Y-direction. The elements are modeled using isotropic material properties. The shape of the bonding point is determined by the engraved roller in the calendar. The size of the point is determined by the amount of energy transferred into the nonwoven during the bonding process defined by temperature, pressure and contact time.
The bonding point is embedded into the boundary zone of partly bonded and deformed fibers. This zone connects the bonded point to the unbonded material. This boundary zone 
DISTRIBUTION OF FIBER ORIENTATION FOR DIFFERENT NONWOVENS
is modeled using solid elements. The connection to neighboring points is established using spar elements.
The repeated copying of this base cell results in a numerical model of the specimen. To this model, loads by means of forces or deformations can be applied. This enables the virtual investigation of the behavior of thermobonded nonwovens under tensile loads.
The model generating algorithm allows a wide variety of modeled thermobonded nonwovens. The free determination of the nonwovens specific weight and the fiber orientation distribution enables the numerical representation of any desired material configuration. The fiber properties can be manipulated in the same way. Furthermore the bonding process can be transferred into the model as well. The geometry of the engraved pattern is controlled by a number of parameters. The distribution of the bonding points can be controlled in MD and CD. This includes the spacing between single points as well as the angle of the pattern against the machine direction.
The geometry of the bonding point can be defined as a square, a rhombus or of circular shape. The size and physical properties of the boundary area depend on the process parameters. The temperature and pressure of the roller, combined with the process speed, determine the amount of energy that can be transferred into the nonwoven during the bonding process. These parameters influence the rate of bonded fibers. In addition, the size of the bonding point and the propagation of the boundary area are controlled.
Verification
The verification of the described modeling approach was done on the basis of data gained from a wide range of experimental tensile tests. Four types of nonwovens produced from two types of polypropylene fiber were investigated. Seven types of bonding geometries were used. The process parame-
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Figure 11 The mapping of the bonding temperature is shown in Figure 15 . The left column displays the model and the stressstrain results for a temperature of 130°C. The right column gives the same information for a bonding temperature of 145°C. Table 1 and Table 2 compare these results to the experimental findings. An acceptable correlation can be found.
The influence of the geometry of the bonding point can be seen in the following example. The models parameters are unchanged with the exception of the bond point. All models described in this paper have been built on the bases of a nonwoven with almost equal distribution of the fiber orientation. The modeled distribution can be seen in Figure 10 , lower image. Combined with the shape and the uniformly distribution of engraving C, this leads to a very similar behavior in machine direction (MD) and cross direction. The introduction of a different engraving (Figure 16 , Table 3 ) leads to a difference between MD and CD.
The modeling of these thermobonded nonwovens yield to a clear significance of the bonding geometry and the process temperature. The influence of these parameters concerning the stress-strain behavior of the material can be found in the computational model. The influence of the fiber orientation and the bonding point geometry on the direction depended properties of the material can be reproduced in the model.
Conclusion
The described approach of transferring thermobonded nonwovens into a numerical model using the Finite Element Method offers a solution for the prediction of the tensile behavior of thermobonded nonwovens. nonlinear elastic link elements proved a numerical stable and fast method for the modeling of these entities in a numerical model. In combination with solid elements representing the bonding area and the boundary area of the point, a numerical model of a thermobonded nonwoven can be built. The system supports the rapid modeling of different bond point geometries and bond point layouts. Different types of fiber orientation distributions can be mapped onto the model.
The influence of the bonding temperature and the bonding geometry is visible in the results of the calculation. The influence of the fiber orientation and the bonding geometry on the direction dependant properties of the thermobonded nonwoven is visible in the calculation results. 
